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ABSTRACT
Deep Chandra observations of the core of the Perseus cluster show a plethora of complex
structure. It has been found that when the observed density fluctuations in the intracluster
medium are converted into constraints on AGN induced turbulence, the resulting turbulent
heating rates are sufficient to balance cooling locally throughout the central 220kpc. However
while the signatures of AGN feedback (inflated bubbles) dominate the central 60kpc in X-ray
images, beyond this radius the intracluster medium is increasingly shaped by the effects of
gas sloshing, which can also produce subtle variations in X-ray surface brightness. We use
mock Chandra observations of gas sloshing simulations to investigate what fraction of the
observed density fluctuations in the core of the Perseus galaxy cluster may originate from
sloshing rather than AGN induced feedback. Outside 60kpc, we find that the observed level of
the density fluctuations is broadly consistent with being produced by sloshing alone. If this is
the case, AGN-generated turbulence is likely to be insufficient in combating cooling outside
60kpc.
Key words: galaxies: clusters: intracluster medium - intergalactic medium - X-rays: galaxies:
clusters
1 INTRODUCTION
Left unopposed, the cooling of the intracluster medium in the cen-
tres of cool-core galaxy clusters such as the Perseus cluster should
lead to the formation of cooling flows of ∼100s M⊙ yr
−1. Over
the last two decades, the unrivalled spatial resolution of Chan-
dra’s imaging detectors, combined with the high spectral reso-
lution of XMM-Newton’s RGS, have shown that feedback from
the central AGN in clusters counteracts this cooling, preventing
the formation of strong cooling flows (Peterson & Fabian 2006,
McNamara & Nulsen 2007, Fabian 2012, McNamara & Nulsen
2012).
Understanding the way AGN feedback in galaxy clusters is
dissipated into the intracluster medium (ICM) is one of the most
pressing issues in cluster astrophysics. How can the energy from
the jets of central AGN be so uniformly spread throughout the hun-
dreds of kiloparsecs spanned by the cool core, in a way that per-
fectly balances the rate of gas cooling?
As the brightest galaxy cluster in the X-ray sky, the Perseus
cluster has been at the forefront in the advancement of our un-
derstanding of cluster astrophysics and AGN feedback. It was
in Perseus that AGN inflated cavities were first identified, using
ROSAT (Boehringer et al. 1993). Deep Chandra observations have
⋆ Email:stephen.a.walker@nasa.gov
revealed a plethora of structure, including multiple generations
of cavity pairs, and ripples resembling sound waves (Fabian et al.
2003, 2006, Sanders & Fabian 2007).
Recent observations with the high-spectral resolution mi-
crocalorimeter on Hitomi of the central regions of the Perseus clus-
ter have found a remarkably low velocity dispersion of 164±10
km s−1 (Hitomi Collaboration et al. 2016). If this dispersion is in-
terpreted as turbulence, it leads to a very low turbulent to thermal
pressure ratio of only 4 percent. To support the ICM from cool-
ing, this turbulence needs to be regenerated on a timescale of just
4 percent of the cooling time, during which it can only travel less
than 13kpc, far smaller than the ≈200kpc size of Perseus’s cool
core. For turbulence to be the mechanism dissipating heat into the
ICM, it would need to be generated ‘in situ’ throughout the en-
tire core. Attempts to simulate the generation of turbulence result-
ing from jets being fired into the intracluster medium have found
that only a very low level of turbulence (less that 1 percent of the
thermal energy) develops (Reynolds et al. 2015, Yang & Reynolds
2016, Bourne & Sijacki 2017).
Alternatively, Fabian et al. (2017) have found that sound
waves, which travel an order of magnitude faster and can cross
the core in a cooling time, are also consistent with the Hitomi
and Chandra results. Bambic et al. (2018) have also found that
the upper limits on the turbulent velocities obtained using XMM-
Newton’s RGS for a sample of 4 clusters are too low to allow en-
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ergy to propagate radially to their cooling radii within the required
cooling time.
Constraints on the level of turbulence have also been made
using the power spectrum of density fluctuations seen in the
ICMwith Chandra (Churazov et al. 2012, Sanders & Fabian 2012).
Zhuravleva et al. (2014a) used cosmological simulations of relaxed
galaxy clusters to investigate the relation between the observed
rms density fluctuations (which can be readily observed in X-ray
images), and the velocity fluctuations in these simulations. They
found that the rms of the density fluctuations and the velocity fluc-
tuations are linearly related across a wide range of scales, all the
way down to the small scales of the turbulent regime. Using these
cosmological simulations, Zhuravleva et al. (2014a) found the pro-
portionality coefficient between the two to be consistent with unity
(1±0.3).
Zhuravleva et al. (2014b, 2015) have used these methods for
the core of Perseus cluster. If these density fluctuations are en-
tirely due to AGN induced turbulence, Zhuravleva et al. (2014b)
found that the rate of dissipation of heat at each radius studied can
match the cooling rate locally throughout the central 220kpc of the
core of Perseus. Zhuravleva et al. (2014b) also found a similar bal-
ance for the core of the Virgo cluster, while Walker et al. (2015)
found the same in the Centaurus cluster. The velocities found by
Zhuravleva et al. (2014b) using this method in the region of the
Perseus cluster studied by Hitomi (30-60 kpc from the cluster’s nu-
cleus) on the spatial scales of the largest AGN inflated bubbles in
the field (20-30kpc) are consistent with the observed Hitomi value
of 164±10 km s−1.
However, while the signatures of AGN feedback dominate
the central 60kpc of the Perseus cluster (with AGN inflated bub-
bles on either side of the core), beyond 60kpc the X-ray surface
brightness distribution becomes dominated by the characteristic
spiral pattern brought about through gas sloshing (Walker et al.
2017, Walker et al. 2018). Such gas sloshing is also able to produce
subtle fluctuations in X-ray emission (ZuHone et al. 2011, 2018,
Walker et al. 2017), which need to be taken into account when con-
verting the observed power spectrum of gas density fluctuations
into constraints on the level of AGN induced turbulence. As the
magnetic field wraps around a cold front, it can produce layers
of higher and lower magnetic pressure, which reduce and increase
the observed X-ray surface brightness respectively (Werner et al.
2016).
As described in Zhuravleva et al. (2014b), the current con-
straints on turbulent velocities resulting from AGN feedback using
the density fluctuation method are upper limits, since other physi-
cal processes such as sloshing contribute. Here we investigate the
power spectrum of X-ray surface brightness fluctuations seen in gas
sloshing simulations resembling the sloshing seen in Perseus, to de-
termine what fraction of the observed fluctuations can be explained
by sloshing. By extension this therefore allows us to understand
how much of the density fluctuations in the Perseus cluster core
are due to AGN feedback alone, and how far out any AGN driven
turbulence can extend.
2 ANALYSIS: SIMPLE BETA MODEL REMOVAL
METHOD
Here we perform the same X-ray density fluctuation analysis as
Zhuravleva et al. (2014b), firstly on the real Perseus data, and then
on mock Chandra observations of a sloshing simulation that pro-
vides the best fit to the sloshing spiral seen in Perseus (Walker et al.
2017).
2.1 Perseus data analysis
Firstly we repeat the analysis of Zhuravleva et al. (2014b), dividing
the Perseus cluster into 7 annuli (Fig. 1, top left), each with width
1.5 arcmins, which is≈30 kpc. We used an exposure corrected mo-
saiced image in the same band (0.5-3.5keV). The Chandra observa-
tions used are listed here by obs-id: 3209, 4289, 4946, 4947, 4948,
4949, 4950, 4951, 4952, 4953, 6139, 6145, 6146, 11713, 11714,
11715, 11716, 12025, 12033, 12036, 12037. Point sources were ex-
cised from the image. The image was divided by the same β model
as in Zhuravleva et al. (2014b), to find the surface brightness resid-
uals. We then use the delta variance technique (Stutzki et al. 1998)
to find the 2D power spectrum, P2D(k), of surface brightness fluc-
tuations in each annuli as a function of the wavenumber, k = 1/l.
Following Churazov et al. (2012), this 2D power spectrum is con-
verted into a 3D power spectrum, P3D(k), using,
P2D(k) ≈ 4P3D(k)
∫
|W (kz)|
2dkz, (1)
where |W (kz)|
2 is the 1D power spectrum of the normalised emis-
sivity, η(z), along the line of sight
W (kz) =
∫
η(z)e−i2πzkzdz. (2)
where η(z) is related to the density distribution n20(x, y, z) by
η(x, y, z) =
n20(x, y, z)∫
n2
0
(x, y, z′)dz′
=
n20(x, y, z)
I0(x, y)
. (3)
For the small area of the cluster we consider the x and y depen-
dence can be neglected, yielding η(x, y, z) ≈ η(z).
Following the approach of Zhuravleva et al. (2014b) and
Zhuravleva et al. (2015) we convert this 3D power spectrum into
the one-component velocity, V1,k power spectrum. We expect the
one-component velocity to be proportional to the amplitude of den-
sity fluctuations (for the stratified atmospheres of relaxed galaxy
clusters, and within the inertial range of scales), A3D =
δρk
ρ0
at
each length scale l = 1/k, which leads to,
A3D =
δρk
ρ0
= η1
V1,k
cs
(4)
where cs is the sound speed. It was found in Zhuravleva et al.
(2014a) using cosmological simulations of galaxy clusters that the
average value of the proportionality constant η1 is consistent with
unity (η1 = 1± 0.3).
The 3D power spectrum is related to the amplitude of the den-
sity fluctuations using
A3D =
√
P3D(k)4pik3 (5)
allowing us to find the amplitude of the one-component velocity of
the gas motions as a function of wavenumber (k = 1/l) from
V1,k ≈ cs
√
P3D(k)4pik3/η1 (6)
These constraints on the one-component velocity in Perseus
are shown for each annulus in the left hand column of Fig. 2 as the
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Figure 1. Top left: azimuthal residuals of Perseus cluster with the 7 annuli used in Zhuravleva et al. (2014b) overplotted. Top right:Sloshing simulation rotated
to roughly match the Perseus inner spiral, with the same sized annuli overplotted and exposure map matching that of the actual Perseus mosaic. Bottom left:
Exposure map of Perseus mosaic used for making simulated images. The colourbar is for the exposure map and has units of cm2 s−1. Bottom right:GGM
filtered version of the input sloshing simulation with annuli overplotted. Annuli are in increments of 1.5arcmin (≈30kpc) from 0-220kpc.
pink profiles. We use the same correction for the effect of Chan-
dra’s PSF as that described in Zhuravleva et al. (2015), and use the
same thermodynamic profiles to obtain the same radial profile of
sound speed. For each annulus we produce 1000 Poisson realisa-
tions given the number of photons in each annulus, and use the
resulting scatter to compute the error due to Poisson noise. Follow-
ing Zhuravleva et al. (2015) we add a 3 percent systematic uncer-
tainty to the scatter of the Poisson noise power spectra to take into
account small numerical and instrumental effects. Our results for
the Perseus data are completely consistent with those reported in
Zhuravleva et al. (2014b, 2015).
2.2 Sloshing simulation analysis
Walker et al. (2017) found that the sloshing simulations of
ZuHone et al. (2011, 2018) (in particular the time slice at 2.3Gyr
from the onset of sloshing, for an initial uniform thermal to mag-
netic pressure ratio of β = 200) provide a good description of the
cold front swirl in the Perseus cluster, reproducing the size and dis-
tribution of the cold front as well as the location of a possible ‘bay’
shaped by a Kelvin-Helmholtz instability. These sloshing simula-
tions also predict subtle surface brightness fluctuations on scales
of 10s of kpc, as shown in the bottom right panel of Fig. 1, where
the contrast of the surface brightness fluctuations in the simula-
tion have been enhanced by using a Gaussian Gradient magnitude
(GGM) filter (Sanders et al. 2016, Walker et al. 2016).
We then folded the sloshing simulation through the mosaiced
exposure map for the Chandra data (shown in the bottom left panel
of Fig. 1), to produce a mock Chandra observation with the same
statistics as the actual Perseus data (top right panel of Fig. 1). A
constant background level was also added to the image, the same
as that observed in the real Perseus data. The image was divided
by the best fitting beta model to the azimuthally averaged surface
brightness distribution, to find the residuals.
The mock Chandra mosaic of the sloshing simulation was then
divided into the same 7 annuli as the real data, from which the delta
c© 0000 RAS, MNRAS 000, 000–000
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Dividing by beta model Dividing by sigma=20" patched beta model
Figure 2. Constraints on the velocity using the surface brightness fluctuation method of Zhuravleva et al. (2014b). The left hand column shows the results
when dividing the data by a simple beta model. The right column shows the results when dividing by a patched beta model with σ=20 arcsec to remove the
larger scale fluctuations. The dashed lines show the upper and lower bounds for the constraints. Magenta shows the results for the real Perseus data (the same
as Zhuravleva et al. (2015)). Black shows the results of running this method on the fluctuations in the 1Ms simulated sloshing image. The shaded regions show
the areas where the best constraints are made.
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Dividing by beta model Dividing by sigma=20" patched beta model
Figure 3. Top:Comparing the velocity constraints on the length scale where the best constraints are made (i.e. the length scales of the shaded regions in Fig.
2) between the real Perseus data (pink) and the sloshing simulation (black) as a function of distance from the cluster core. Bottom: The ratio of the sloshing
velocities to the observed velocities in Perseus. Outside 60kpc these are in broad agreement. The left hand figure is for the results obtained when dividing the
cluster by a beta model. The right hand figure is obtained when the data are divided by a patched beta model with σ=20 arcsec.
variance method was used to obtain the 2D power spectrum of the
fluctuations. Following the same methods as for the real Perseus
data described in section 2.1, these 2D power spectra were con-
verted into one-component velocities, and the resulting constraints
are shown for each annulus as the black curves in the left hand col-
umn of Fig. 2.
2.3 Results from simple beta model removal
From the velocity constraints shown in the left hand column of Fig.
2, we see that from the 3rd annulus outwards (i.e. outside 60kpc),
the inferred velocity constraints (black curves) are broadly consis-
tent with those of the real Perseus data (pink curves). To show this
more clearly, in the left panel of Fig. 3, we show the profiles of the
velocity constraints as a function of cluster radius, and then show
the profile of the ratio between of the two. Outside 60kpc the ve-
locity ratio is broadly consistent with unity, with the only exception
of the 5th annulus.
The profile for the real Perseus data (magenta points) shows a
peculiar increase in the velocity from the third to the fourth annulus,
marked by the red arrow, as found by Zhuravleva et al. (2015). We
see that this unusual behaviour would be readily explained by gas
sloshing playing a dominant role in the observed power spectrum,
as the ‘sloshing only’ profile (black points) shows a similar peak
in the fourth annulus. This is caused by the main cold front edge
being located in this fourth annulus.
Zhuravleva et al. (2014b) converted the observed one
component-velocities into turbulent heating rates using
Γdiss ∼ 0.4ρv
3/l (7)
and then compared to the cooling rate for each annulus. As
shown in the left hand panel of Fig. 4 the inferred turbulent heating
was found to match the cooling rate, or be slightly above it, in all
the annuli studied. In this plot the cooling rate increases towards the
core, so that moving from the left of the plot to the right we count
down from annulus 7 (with the lowest cooling rate) to annulus 1
(with the highest cooling rate). To test the robustness of this, we
repeated the same analysis on the sloshing fluctuations, converting
the inferred one-component velocities into heating rates. The re-
sulting profile is shown in the right hand panel of Fig. 4 with the
red regions. Outside 60kpc, in the outer five annuli (the left most
five regions), the inferred heating rate matches or is within 1-σ of
the cooling rate. This shows that, in principle, if the sloshing fluc-
tuations are mis-interpreted as being due to AGN feedback, it is
possible to incorrectly conclude that there is parity between heat-
ing rate from AGN feedback and cooling rates in the 60-220kpc
region.
3 ANALYSIS: PATCHED BETA MODEL REMOVAL
METHOD
To assess the reliability of the small scale surface brightness fluc-
tuations we measure, we repeat the analysis but this time use a
‘patched’ beta model which accounts for structure on spatial scales
of σ =20 arcsec. Zhuravleva et al. (2015) used this same method
to show that, when a finely patched beta model is used, the larger
scale fluctuations are indeed suppressed, but the smaller scale fluc-
tuations (0.1 < k < 0.2) remain for case of the third annulus.
This shows that these small scale fluctuations are real, and are not
an artefact of the removal of the global cluster surface brightness
distribution.
The results are shown in the right hand column of Fig. 2. The
c© 0000 RAS, MNRAS 000, 000–000
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Figure 4. Left:Turbulent heating versus cooling rate inferred by Zhuravleva et al. (2014b) for the Perseus data Right:The same plot but this time showing
what happens if you just use the density fluctuations from the sloshing simulations. For the outer five annuli (the five left most regions) the regions are either
consistent with or above the cooling rate.
image at the top of the right hand column of Fig. 2 shows the result
of dividing the real Perseus image and the sloshing simulation by
a beta model patched on scales of σ =20 arcsec, showing that the
larger scale surface brightness fluctuations are clearly suppressed.
Moving down this column we then compare the constraints on the
surface brightness fluctuations in each annulus. We see again that,
from the 3rd annulus outwards (i.e. from 60 kpc outwards) the level
of the fluctuations seen in the real Perseus image is broadly consis-
tent with the level seen in the sloshing simulations. Even the 5th
annulus, which shows some discrepancy in the simple beta model
removal method, is completely consistent with the sloshing simu-
lation. Due to the rapid decrease in surface brightness, from the 5th
annulus outwards, the error bars become very large.
The radial profiles of the velocity constraints using the patched
beta model are shown in the right hand panel of Fig. 3, showing
again that outside 60kpc the results for the real Perseus data are
consistent with the sloshing simulation.
4 COMPARING SLOSHING SIMULATIONSWITH
DIFFERENTMAGNETIC FIELD STRENGTHS
In the sloshing simulations, the initial magnetic field strength be-
fore sloshing begins has a significant impact on the development
of structure. In Walker et al. (2017), we compared the shape of
the Perseus cold front and the concave ‘bay’ it features. We found
that this shape could be most easily explained by a sloshing sim-
ulation with an initial uniform plasma β (the ratio of the ther-
mal pressure, pth to the magnetic pressure, pB) of 200, as this
leads to the development of a single large Kelvin-Helmholtz roll
resembling the concave bay. When the initial magnetic pressure
is higher (β=100), the large Kelvin-Helmholtz instabilities are sup-
pressed and do not form. When the magnetic field is lower (β=500),
far more Kelvin-Helmholtz instability structure forms than is ob-
served. This is shown in the image at the top of Fig. 5, which shows
the same time slice for the sloshing simulations with different ini-
tial uniform βs of 100, 200 and 500.
Here we go further than the simple cold front shape arguments
of Walker et al. (2017), and compare the power spectra of the fluc-
tuations in these different simulations with the real Perseus data.
We follow the same method of folding the simulations through the
Chandra response for the same exposure time as the real obser-
vations, and then dividing the simulations by the best fitting az-
imuthally averaged beta model, and using the delta variance tech-
nique. The results for the annuli are shown in the plots in Fig.
5, where we compare the real Perseus constraints (pink) with the
β = 100 (cyan), β = 200 (black) and β = 500 (blue) sloshing
simulations. We omit the central annulus as this is so obviously
dominated by AGN feedback.
For all of the annuli, the β = 100 simulations have smaller
fluctuations than the β = 200 simulations, which in turn have
smaller fluctuations than the β = 500 simulations. This can be
trivially understood as a decreasing magnetic field being less able
to suppress the level of density fluctuations in the ICM. For most
of the annuli (with the only exception being the 5th annulus), the
β = 200 simulation provides the best match to the real Perseus
data.
Since the sloshing simulations from ZuHone et al. (2011) we
use here are designed to investigate the effect on the cold fronts of
the cluster magnetic field over a large span of time (several Gyr),
they do omit the effect of radiative cooling, which may affect the
small scale density fluctuations in the simulations. Previous works
(ZuHone et al. 2010, ZuHone et al. 2013) have shown that when
radiative cooling is included in these sloshing simulations, a cool-
ing catastrophe quickly develops in the innermost regions of the
core. The development of such cooling catastrophes when radiative
cooling is included means that such simulations cannot be run very
c© 0000 RAS, MNRAS 000, 000–000
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beta=100 beta=500beta=200
Figure 5. Comparing the constraints obtained from the sloshing simulations when different initial βs (the ratio of the thermal to magnetic pressure) are used
in the sloshing simulations. The β=200 simulations (black) provide the best match to the real data (pink). In all annuli, the simulations with a higher magnetic
field (β=100, blue) have lower amplitude fluctuations, while the simulations with a lower magnetic field (β=500, cyan) have higher amplitude fluctuations.
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long, preventing a detailed study of the cold front structure which
takes several Gyr to develop.
5 CONCLUSIONS
• Outside 60kpc the level of surface brightness fluctuations is
consistent with being entirely caused by the sloshing motions (Fig.
3) in all except the fifth annulus studied. This main result is found
both when the data are divided by a simple beta model, or by
a more complex ‘patched’ beta model which removes structure
on larger spatial scales. When a patched beta model is used, the
power spectra in all of the annuli outside 60kpc match the sloshing
simulation.
• If the level of density fluctuations is broadly consistent with
sloshing outside 60kpc, AGN-generated turbulence is likely to be
insufficient in combating cooling outside 60kpc.
• If the surface brightness fluctuations just from the sloshing
simulation are converted into a turbulent heating rate, for all the
annuli studied outside 60kpc (except the 5th annulus), the inferred
turbulent heating rate is either consistent with or above the cooling
rate (Fig. 4, right hand panel). It is therefore possible to derive
turbulent heating rates consistent with the cooling rates when the
density fluctuations are entirely due to sloshing (and have nothing
to do with AGN feedback).
• The increase in the observed velocity in the Perseus data found
by Zhuravleva et al. (2015) from the 60-90kpc to the 90-120kpc
annuli is readily explained by the profile shape for the sloshing
cold fronts (see arrows on Fig. 3).
• When we compare sloshing simulations with different initial
plasma βs (the ratio of the thermal to magnetic pressure), we find
that the simulation with an initial β of 200 provides the best overall
match to the real data. Simulations with lower initial magnetic
fields (β=500) produce fluctuations that are generally larger than
is observed, while simulations with higher initial magnetic fields
(β=100) produce fluctuations that are too small. This preferred β
agrees with that from a simple comparison of the shapes of the
cold front structures from Walker et al. (2017).
• Future, spatially resolved studies of Perseus with the high spectral
resolution microcalorimeters on XARM/XRISM (Ishisaki et al.
2018) and Athena (Barret et al. 2016) will provide direct measure-
ments of gas motions throughout the entire Perseus cluster core,
further allowing the relative contributions from AGN feedback and
gas sloshing to be disentangled.
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